Alveolar echinococcosis, caused by the larval (metacestode) stage of the tapeworm Echinococcus multilocularis, is a lethal parasitosis of the liver prevalent in the Northern Hemisphere. For chemotherapy the benzimidazole derivatives mebendazole and albendazole were introduced, and their use has resulted in a significant improvement in the survival rates. However, data from experiments with animals and clinical observations indicate that these drugs elicit only parasitostatic activity and in most cases are not able to completely eliminate the parasitic metacestode tissue. In the present study, we applied a culture system for the in vitro growth and proliferation of E. multilocularis metacestodes to analyze the parasitostatic and parasitocidal potential of mebendazole. Here, we demonstrate for the first time that at concentrations of >0.1 M, i.e., at concentrations used for therapy of human alveolar echinococcosis, this antihelminth drug is parasitocidal in vitro. Viability assessment was performed by infection experiments with Meriones unguiculatus and mebendazole-treated metacestode tissue and by reverse transcription-PCR for the detection of E. multilocularis mRNA. The E. multilocularis in vitro model proved to be a valuable tool for the analysis of the potential of antihelminth drugs.
The larval stage of the small fox tapeworm Echinococcus multilocularis, a parasite prevalent in the Northern Hemisphere, is the causative agent of human alveolar echinococcosis (AE), which is considered to be the most lethal helminthic infection in humans (20) . The metacestode stage of this parasite has characteristics of a malignant tumor, including infiltrative growth and metastasis formation (7) . AE usually affects the livers of the intermediate hosts, i.e., small rodents, and, accidentally, the livers of humans. In humans the parasitic mass increases by proliferation of parasitic vesicles in the periphery of the lesion. Hepatic tissue is replaced by collagen in which large numbers of parasitic vesicles with sizes of 1 to 20 mm are embedded. With impaired vascularity, the central part of the lesion becomes necrotic and liquefied (7) . The growth rate of this parasitic tissue in the human host is usually slow, and it is calculated that it takes 10 to 15 years until clinical symptoms occur (7) . If no specific therapy is initiated, in 94% of patients the disease is fatal within 10 years following diagnosis (25) .
Surgery is the basic form of treatment of early AE, but a prediction of radical resection is almost impossible and recurrences therefore cannot be excluded (7, 31) . Therefore, preoperative chemotherapy and postoperative drug administration (3, 7) have been introduced to improve the outcome of surgical therapy. In advanced stages of AE radical resection is impossible and long-term chemotherapy with benzimidazoles (BZs) and palliative surgical measurements, e.g., hepaticojejunostomy, drainage of necrotic cavities, or portocaval shunts, may prevent complications and thus are considered to increase the survival rate.
Two BZ derivatives, mebendazole (MBZ) and albendazole (ABZ), have been introduced for chemotherapy for humans.
Data from experimental studies of echinococcosis in rodents have shown that long-term treatment with MBZ and ABZ resulted in an 85 to 99% reduction of the E. multilocularis metacestode masses, but complete erradication could not be achieved (7) . Several studies performed with AE patients have shown the benefit of chemotherapy with MBZ, increasing the survival time of the patients, providing an improved clinical condition, and decreasing the size of the parasitic mass (1, 2, 4, 17) . Limited data on experience with therapy with ABZ are available (11) . However, compared to MBZ, ABZ is absorbed at a higher rate (5) . The hepatic metabolite albendazole sulfoxide exhibits antiparasitic activity, whereas metabolization of MBZ results in the loss of antiparasitic activity (19, 23) .
Despite the improvements in the chemotherapy of AE with BZ derivatives, complete erradication of the parasitic mass cannot be achieved in the majority of patients (17, 18) , although one Alaskan study was more favorable, indicating that long-term application of MBZ may cause the death of the parasite (30) . In summary, there is circumstantial evidence from the clinical outcomes of treated patients that BZs should be considered parasitostatic in vivo. However, because until now no assay system has been available for the testing of the susceptibility of the parasite to antiparasitic drugs in vitro, it has remained uncertain whether the BZ derivatives have parasitocidal or only parasitostatic potential against E. multilocularis metacestodes. Furthermore, the possibility of the development of resistance to these chemotherapeutic agents as a reason for the failure of BZ treatment could not be excluded.
To address these problems we used a recently established in vitro model of AE to analyze the activity of MBZ against E. multilocularis (12) . This model depends on the use of primary hepatocytes of rat or human origin. In the presence of these host cells, E. multilocularis metacestodes proliferate and differentiate in vitro. In the present study we used this model to analyze the activity of MBZ in vitro, and we were able to demonstrate for the first time that at concentrations found in the plasma of MBZ-treated patients (17, 18) , this BZ derivative displays parasitocidal effects on E. multilocularis larvae.
MATERIALS AND METHODS
Chemotherapeutic agents. MBZ (Vermox forte) was supplied by Jansen GmbH, Neuss, Germany. For each experiment stock solutions were freshly prepared by dissolving 50 mg of MBZ in 10 ml of dimethyl sulfoxide (DMSO). Following appropriate dilutions of the stock solutions in DMSO, MBZ was added daily to prewarmed complete medium (CM) at concentrations of 0.01, 0.1, 1, and 10 M; CM without MBZ was used as a control. The pH of the cultures (pH 7.4) was controlled and did not change after the addition of the drug solutions. The final DMSO concentration in all cultures was 0.5%. DMSO at the same concentration was added to the control cultures grown in the absence of MBZ to exclude the possibility that this solvent has an influence on hepatocyte or parasite viability.
In vitro culture of metacestodes with rat primary hepatocytes. Rat primary hepatocytes were isolated as described previously (26) . Briefly, the livers of female Lewis rats (body weight, 200 to 250 g) were perfused by a modified double-collagenase perfusion technique and isolated hepatocytes were plated onto collagen-coated dishes (35 mm in diameter) as described elsewhere (6) . E. multilocularis metacestodes were maintained in Mongolian gerbils (Meriones unguiculatus) by intraperitoneal infection of minced metacestode tissue as described previously (9) . After 6 to 8 weeks E. multilocularis metacestodes were isolated for infection of cell cultures. The parasitic tissue was homogenized, and 50 to 150 metacestode vesicles were added to the hepatocyte cultures and covered with a second collagenous layer. Cultures were supplemented with medium (Williams' E medium; GIBCO-BRL, Eggenstein, Germany) containing 10% (vol/vol) fetal bovine serum, 9.6 g of prednisolone per ml, 0.014 g of glucagon (Novo, Mainz, Germany) per ml, 0.16 U of insulin (Hoechst, Frankfurt, Germany) per ml, penicillin (200 U/ml), and streptomycin (200 g/ml; Biochrom). The medium was changed daily, and cultures were monitored by light microscopy for growth of the parasitic vesicles and the integrity of the hepatocyte layer.
Experiments with animals. To analyze the infectivity of MBZ-treated metacestodes, the parasitic vesicles from one of the in vitro culture dishes were injected intraperitoneally into M. unguiculatus gerbils. The animals were killed after 4 to 5 months, and the peritoneal cavities and livers were monitored macroscopically and microscopically for the development of parasitic masses. Experiments with animals were performed in accordance with the guidelines of and with the permission of local authorities.
RT-PCR. Reverse transcription (RT) of the EM10 gene from metacestodes was used to determine the viability of the metacestode vesicles. After termination of the experiment, medium was removed from the culture dishes and metacestodes from treated and untreated in vitro cultures were isolated by digestion with 1 mg of collagenase type II per ml, dissolved in Williams medium (Biochrom, Berlin, Germany), for 10 min at 37°C. Parasitic tissue and hepatocytes from one culture dish were completely transferred to an Eppendorf tube and washed twice with 1 ml of ice-cold phosphate-buffered saline (pH 7.4). Isolation of total RNA from metacestodes was performed with oligo(dT) 18 -coupled paramagnetic beads (Dynal, Hamburg, Germany) following the instructions of the manufacturer. Bound mRNA was eluted and transferred to a fresh RNase-free tube. After ethanol precipitation the pellet was suspended in 7 l of diethyl pyrocarbonatetreated H 2 O and completely mixed with 100 pmol of oligo(dT) 18 primer. After denaturation at 65°C for 5 min, the tube was set on ice and first-strand synthesis was carried out by the addition of first-strand buffer (GIBCO-BRL), desoxynucleotides (0.4 mM each), 8 U of RNase inhibitor (RNasin; GIBCO-BRL), and 100 U of Superscript reverse transcriptase (GIBCO-BRL) in a total volume of 10 l. cDNA synthesis was performed at 37°C for 60 min. Following inactivation of the enzyme by heating at 94°C for 3 min, PCR with Echinococcusspecific primers was performed. For amplification of E. multilocularis cDNA, oligonucleotide primers PF9 (5Ј-CAAGACGGCAATCCAA-3Ј) and PF18 (5Ј-CTACATCGACTCAAACTGTT-3Ј) were used; these primers are complementary to the E. multilocularis EM10 gene (9) , which encodes a protein of the parasite's cytoskeleton. Amplification of the cDNA with these primers results in the generation of a 1.5-kb DNA fragment (13) . Due to the presence of several introns, a fragment of 2.7 kb is amplified from the chromosomal EM10 locus. Therefore, amplification of EM10 cDNA can clearly be distinguished from amplification of chromosomal DNA, but chromosomal DNA amplification was never observed by application of the described mRNA preparation protocol. The generated DNA fragments were separated on agarose gels, visualized by ethidium bromide staining, and blotted onto nylon membranes (22) . Hybridization was performed at 42°C overnight with the cloned EM10 cDNA fragment, which was randomly labeled with ␣-32 P by using the Multiprime DNA Labelling Kit (Amersham, Braunschweig, Germany).
RESULTS

Effect of MBZ on in vitro proliferation of E. multilocularis metacestodes.
Cultures of E. multilocularis metacestodes with primary rat hepatocytes were treated with different concentra-tions of MBZ, ranging from 0.01 to 10 M. Thus, the concentrations of 0.25 to 1 M that are therapeutic for human AE (17) were included in this experimental setting. The addition of MBZ had no effect on the morphology of the hepatocyte layer, which is consistent with previous observations that BZs have a much higher affinity for helminth tubulin than for the tubulin of mammalian cells (14, 15) . Medium containing the chemotherapeutic drugs was changed daily, and proliferation of the metacestodes was monitored microscopically by determination of the parasitic vesicle numbers per culture dish and by measurement of the sizes of individual vesicles. Without the addition of MBZ the number of vesicles increased ninefold during a cultivation period of 3 weeks (Fig. 1A) . In accordance with previous observations, in parasite cultures without hepatocytes (12) , no proliferation of the echinococcal larvae was detectable (data not shown). The addition of 0.01 M MBZ to the culture did not inhibit the proliferation of the parasitic tissue during the same incubation period (Fig. 1A) . The number of vesicles increased to the same extent as it did in the untreated control cultures. In contrast, a dramatic reduction in the cyst number was achieved in cultures treated with 0.1 M MBZ compared VOL. 42, 1998 to the cyst number in the control cultures (Fig. 1A) , and at the end of the experiment the number of cysts had doubled. In cultures treated with 1 and 10 M MBZ, the proliferation of the parasite was completely inhibited. The parasitic vesicles developed a dark stain after 4 to 6 days of treatment with 1 and 10 M MBZ, and many granules could be detected inside the vesicles. After 18 days of treatment, the vesicles in these cultures collapsed and no intact cysts were present (data not shown). The loss of vesicle turgidity is a widely used criterion for parasite viability (10) .
The size of individual vesicles increased 11-fold within 3 weeks in the control cultures to which no BZ was added (Fig.  1B) . Growth of the vesicles was affected at a concentration of 0.01 M MBZ. After 3 weeks the average vesicle size increased only sixfold. Application of higher concentrations of MBZ to the cultures (0.1, 1, and 10 M) resulted in the complete arrest of vesicle growth (Fig. 1B) .
The data described above were obtained by use of rat hepatocyte cultures. However, treatment of the parasitic tissue with BZs in the presence of human hepatocytes revealed no signif-icant differences in parasitic proliferation and growth of individual vesicles (data not shown).
We further investigated the influence of the treatment schedule on the metacestode vesicles. In a second experimental setting, the parasitic infection of the hepatocyte tissue culture was established by in vitro culture for 14 days without the addition of MBZ. During this time the parasitic vesicles proliferated ninefold and the average size of the vesicles increased from 122 to 496 m (data not shown). After 2 weeks, MBZ (0.1 and 1 M) was added to the cultures for another 14 days. The addition of 1 M MBZ had an immediate effect on parasite proliferation. Three days after starting treatment, the number of cysts was reduced by 85% ( Fig. 2A) . Further treatment inhibited the proliferation completely, and no intact cysts could be observed by light microscopy 14 days after the start of MBZ treatment. After the addition of 0.1 M MBZ, the inhibition was delayed, but the number of vesicles decreased by 85% (Fig.  2B) .
Examination of metacestode viability after MBZ treatment. Determination of the parasitostatic or parasitocidal effects after treatment of in vitro cultures of E. multilocularis in the presence of primary rat hepatocytes with MBZ was performed (i) by intraperitonal infection of M. unguiculatus gerbils with metacestodes isolated from treated and untreated cultures and (ii) by the detection of EM10-specific mRNA by RT-PCR (13) .
To analyze the parasitocidal effect of MBZ in vivo, M. unguiculatus gerbils were infected with metacestode tissue treated with MBZ at the different concentrations. The experiments with animals were performed in triplicate. As indicated in Table 1 , after 5 months metacestode tissue developed in all animals infected with parasites from cultures treated with 0.01 and 0.1 M MBZ. In contrast, in all animals infected with metacestodes from cultures treated with 1 and 10 M MBZ, parasitic growth was absent. This indicates that MBZ at concentrations of Ͼ0.1 M (the concentration achieved in the plasma of humans as therapy for AE [17, 18] ) damages the parasitic tissue, resulting in an irreversible loss of the proliferative capacity.
For detection of Echinococcus-specific mRNA, vesicles were isolated by digestion of the collagenase from the cultures. By RT-PCR with EM10-specific primers, a transcript of the expected size of 1.5 kb could be amplified from cultures treated with 0.01, 0.1, and 1 M MBZ (Table 1 ). In contrast, no EM10-specific mRNA could be amplified from cultures treated with 10 M MBZ, demonstrating a parasitocidal effect of the drug on the parasitic tissue at a concentration of Ͼ1 M. Detection of EM10-specific mRNA by RT-PCR in parasites treated with 1 M MBZ therefore indicates that although the cells were not replicating, at least some parasitic cells still have some metabolic activity. However, the half-life of the EM10 transcript is not known, and we therefore cannot exclude the possibility that the persistence of EM10 mRNA after cell death is responsible for the positive RT-PCR result for cultures 
DISCUSSION
Infection with the larval stage of the tapeworm E. multilocularis is a life-threatening disease in humans. Surgical resection of the involved liver segment and of metacestode lesions from other infected organs is indicated, but radical surgery can be performed on only about 20 to 40% of symptomatic patients (7, 23) . Even after complete resection, recurrences have frequently been described (7, 31) . AE was therefore considered to be an incurable parasitic disease before the BZ derivatives MBZ and ABZ became available as chemotherapeutic agents. However, data from experiments with animals (8, 24) and clinical observations indicate that these substances are only parasitostatic and that the parasite is not killed and eliminated. Consequently, long-term chemotherapy over several years is necessary. In a German study, with long-term MBZ chemotherapy with a mean duration of 3.9 years, the general clinical condition improved for 57% of the patients but remained unchanged for 22% of the patients. A progression of disease was found for 21% of the patients (16) . Similar results were obtained in a Swiss study (1) , and a survey of Alaskan patients (30) demonstrated that long-term chemotherapy with MBZ significantly increased the survival rate, from 25% for untreated patients to 90% for treated patients over a 10-year follow-up. However, from these studies it became evident that BZs inhibit the progression of metacestode growth but are not able to completely erradicate the parasite.
In contrast to the observations from these clinical studies, we could demonstrate here that at a concentration of 1 M MBZ exhibits within a few days parasitocidal activities against E. multilocularis metacestodes in vitro. At a lower concentration of 0.1 M, MBZ inhibits parasite proliferation and results in a reduction of parasitic masses but has no absolute parasitocidal effect. For in vitro susceptibility testing, we used the recently described coculture system of primary hepatocytes and E. multilocularis metacestode tissue, which mimicks the organotropism of the parasite toward the liver of the intermediate hosts (12) . In this system proliferation and differentiation of the parasitic tissue depend on soluble and as yet undefined growth factors secreted by the hepatocytes. The metacestode vesicles can be monitored by light microscopy and appear transparent surrounded by a thick laminated layer. After the addition of MBZ at parasitocidal concentrations, the vesicles became dark and collapsed. In the experiments performed for this study, the parasitocidal effect of MBZ was further demonstrated (i) by infection of M. unguiculatus gerbils with MBZ-treated parasitic tissue and (ii) by RT-PCR with the echinococcal EM10 transcript as the target. By application of this RT-PCR with EM10specific mRNA, 2 ng of total echinococcal RNA, corresponding to 46 parasitic cells, can be detected (13) . In cultures treated with 10 M MBZ, this EM10-specific DNA fragment could not be amplified, indicating the absence of viable parasitic tissue after MBZ treatment.
The parasitocidal concentration of MBZ in vitro is in the range of 0.1 to 1 M. It is important to emphasize that the levels in plasma thought to be effective for the treatment of AE (0.25 to 1 M) are exactly within this range (17, 18) . Thus, the parasitocidal effects of BZs in vitro and the parasitostatic effect in vivo may reflect differences in the bioavailabilities of these compounds. However, factors influencing the efficiency of MBZ have not been defined, but it is conceivable that the size and the age of the parasitic mass, calcifications, and fibrosis correlate with the outcome of therapy, as was described for the BZ therapy of cystic echinococcosis, caused by the close relative Echinococcus granulosus (27) .
Besides the availability of BZs in sufficient concentrations within the metacestode tissue, the development of drug resistance may also influence the efficiency of chemotherapy. BZs inhibit the polymerization of the cytoskeletal tubulin (15) , induce the blockage of glucose absorption, and lead to glycogen depletion (28) . BZ resistance has been observed in other parasites (14, 21, 29) , and it depends on point mutations within the ␤-tubulin structural genes, resulting in a reduced binding affinity of the target molecule (21) . Development of BZ resistance in E. multilocularis has not yet been described due to the lack of appropriate in vitro culture techniques. However, it is conceivable that during long-term treatment over several years, parasitic cells with mutations in the ␤-tubulin gene are selected, resulting in failure of the BZ therapy. The in vitro model of AE used in this study to analyze the parasitocidal potentials of BZs should be useful for addressing questions regarding the development of BZ resistance during therapy.
Due to the limited therapeutic success, the development of new agents for the treatment of AE is warranted. The in vitro system described here should be appropriate for analyzing the efficiency of newly developed anthelminthic drugs for the improvement of therapy for AE.
